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Preface 


This  document  contains  copies  of  the  presentations  at  the  workshop  on  Goals  and  Technologies 
for  Future  Gas  Turbine  Engines  that  was  held  on  the  Georgia  Tech  campus  during  June  15-16, 
1998.  This  workshop  was  organized  as  part  of  Georgia  Tech's  University  Research  Initiative 
on  Intelligent  Turbine  Engines  that  is  supported  by  the  Army  Research  Office.  The  objective  of 
this  program  is  to  investigate  control  approaches  for  improving  the  performance  of  gas  turbine 
engines,  with  special  emphasis  on  gas  turbine  compressors  and  combustors . 

The  presentations  at  the  workshop  were  delivered  by  leading  experts  from  government,  industry 
and  universities.  The  objectives  of  these  presentations  and  the  discussions  were  to  bring  into 
better  focus;  1)  Problems  that  adversely  affect  the  performance  and  cost  of  operation  of  gas 
turbines;  and  2)  Present  and  fiiture  technologies,  especially  control  approaches,  that  could 
significantly  improve  aircraft  performance  and  reduce  their  life  cycle  cost. 

The  talks  appear  in  this  report  in  the  order  in  which  they  were  presented.  The  workshop  itself 
consisted  of  four  sessions  and  an  Open  Forum  (see  following  workshop  program).  The  four 
sessions  covered  the  following  topics:  1)  Future  Gas  Turbines  Needs,  2)  Control  of  Compressors 
Performance,  3)  Combustors  Design  and  Control,  and  4)  Enabling  Technologies.  The  report 
closes  with  presentations  by  Drs.  Sturgess  and  Mularz,  which  was  part  of  the  Open  Forum. 

We  would  like  to  take  this  opportunity  to  thank  the  Army  Research  Office  for  providing  the 
resources  needed  to  organize  this  workshop.  Also,  we  wish  to  thank  the  speakers  and  session 
chairs  for  taking  time  off  from  their  busy  schedules  to  participate  in  the  workshop  and  for 
providing  us  with  copies  of  their  talks  for  inclusion  in  this  report. 

In  closing,  it  is  our  hope  that  this  report  will  serve  as  a  bench  mark  of  the  state  of  the  art  of  active 
control  of  gas  turbines’  compressors  and  combustors  performance  in  1998. 


Ben  T.  Zinn  David  Dr.  David  M.  Mann 

Aerospace  and  Mechanical  Engineering  Associate  Director,  Engineering  Sciences  Division 

Georgia  Institute  of  Technology  Army  Research  Office 

Atlanta,  Georgia  Durham,  North  Carolina 


Program  for  Workshop  on 

Goals  and  Technologies  for  Tomorrow's  Gas  Turbines 

At  the 

Manufacturing  Center  Auditorium  on  the  Georgia  Tech  campus 


Sponsored  by 

Army  Research  Office  and  the  Georgia  Institute  of  Technology 
Atlanta,  Georgia 
June  15-16, 1998 


Monday.  June  15. 1998 

Session  I:  Future  Gas  Turbines  Needs  -  Dr.  David  Mann.  Associate  Director,  Engineering.  ARO, 


Session  Chair 

8:30  a.m.  Dr.  Jean  Lou  Chameau,  Dean,  College  of  Engineering,  Ga.  Tech  -  Welcoming  Comments 

8:45  a.m.  Dr.  David  Mann,  Associate  Director,  Engineering  Sciences  Dept.,  Army  Research  Office  -  Active 

Combustion  Control  -  A  Key  Element  in  the  Strategy  for  the  Fuel  Efficient  Army  After  Next 

9:00  a.m.  Dr.  B.  T.  Zinn,  Aerospace  Engineering,  Ga.  Tech  -  Georgia  Tech  -  Georgia  Tech’s  Intelligent 
Turbine  Engine  Program 

9:15  a,m.  Mr.  Richard  E.  Quigley,  Deputy  Director,  AFRL/PR,  WPAFB  -  The  IHPTET  Program 


9:45  a.m. 


Coffee  Break 


10:15  a.m.  Mr.  Harvey  Maclin,  Manager,  Advanced  Military  Engines  Technology,  GE  Aircraft  Engines  - 
Aircraft  Propulsion  Systems  Today  and  Tomorrow 

10:45  a.m.  Mr.  Lee  L.  Coons,  Vice  President  Engineering,  Pratt  &  Whitney  -  Impact  of  Modeling  and 
Diagnostic  Technologies  on  the  Operating  Cost  of  Aircraft  Gas  Turbine  Engines 

11:15  a.m.  Dr.  Robert  Fagan,  Chief,  Compression  Systems,  Allied  Signal  Engines  -  Technology  Challenges 
for  21**  Century  Gas  Turbines 

1 1 :45  a.m.  Dr.  John  Meier,  Director,  Products  Definition  &  Technical  Development,  Allied  Signal  Engines  - 

Challenges  of  Advanced  Technology  in  Military  Applications 

12:15  p.m.  Lunch  will  be  served  next  to  the  auditorium 

Session  II:  Control  of  Compressors  Performance  -  Dr.  Louis  A.  Povinelli.  Chief  Scientist.  Propulsion^ 


NASA  Lewis.  Session  Chair 

1:15  p.m.  Dr.  Om  Shapna,  Senior  Fellow,  Pratt  &  Whitney  -  Resonant  Stress,  Flutter  and  Stability 
Challenges  in  Aircraft  Gas  Turbine  Engines 

1:45  p.m.  Dr.  Richard  Murray,  Professor,  Dept,  of  Mechanical  Engineering,  CalTech  - 

Bifurcation  Control  of  Compression  Systems  Using  Pulsed  Air  Injection 

2:15  p.m.  Dr.  Tony  Strazisar,  Senior  Technologist,  NASA  Lewis  - 

The  NASA-Lewis  Compression  System  Stability  Program 

2:45  p.m.  Dr.  Yedidia  Neumeier,  Senior  Research  Engineer,  Aerospace  Engineering,  Ga.  Tech  - 

Passive  and  Active  Control  of  Stall  in  Axial  Compressors 

3:15  p.m.  Coffee  Brea|c 
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Session  III;  Combustors  Design  and  Control  -  Dr.  Mel  Roouemore,  Senior  Scientist,  Air  Force 
Laboratory.  Propulsion  Division.  AFRL/ProDulsion  Directorate  Session  Chair 

3:30  p.m.  Dr.  Hukam  Mongia,  Manager,  Combustion  Technology,  GE  Aircraft  Engines  fl  Low-Emissions 
Combustors;  Design  and  Analysis  Tools 

4:00  p.m.  Dr.  Daniel  E.  Sokolowski,  NASA  Aeropropulsion  Liaison  and  IHPTET  Focal  Point,  NASA  Lewis 

A  Revolutionary  Combustor  Front-End  Design  Concept 

4:30  p.m.  Dr.  Ben  T.  Zinn,  Professor,  Aerospace  Engineering,  Ga.  Tech  -  Active  Control  of  Combustion 
Instabilities 

5 :00  p.m.  Dr.  Kenneth  H.  Yu,  Physical  Scientist,  Naval  Air  Warfare  Center  ft 

Active  Combustion  Control  Using  Pulsed  Fuel  Injection 

6:00  p.m.  Reception  -  President’s  Suite-  Georgia  Tech’s  Success  Center 


Tuesday.  June  16. 1998 


Session  IV:  Enabling  Technologies  -  Dr.  Marc  Jacobs.  AFOSR,  and  Dr.  Linda  Bushnell,  ARO, 

Session  Co-Chairs 


8:30  p.m.  Mr.  Stephen  Przybylko,  Aerospace  Engineer,  WPAFB  -  Active  Control  Technologies  for  Aircraft 
Engines 

9:00  a.m.  Dr.  Ari  Glezer,  Professor,  Mechanical  Engineering,  Ga.  Tech  -  Mixing  Control  Using  Synthetic 
Jets 

9:30  a.m.  Dr.  Mark  Allen,  Professor,  Electrical  &  Computing  Engineering,  Ga.  Tech  -  High  Temperature 
Wireless  Sensors 


10:00  a.m.  Coffee  Break 

10:30  a.m.  Dr.  Ronald  K.  Hanson,  Professor  and  Head,  Mechanical  Engineering,  Stanford  University  -  Diode 
Laser  Absorption  Sensors  for  Combustion  Monitoring  and  Control 

1 1 :00  a.m.  Dr.  Wassim  Haddad,  Professor,  Aerospace  Engineering,  GA  Tech  -  Nonlinear  Robust  Controller 

Synthesis  for  Jet  Engine  Compression  Systems 

1 1 :30  a.m.  Dr.  Sanjay  Garg,  Acting  Chief,  Controls  &  Dynamics,  NASA  Lewis  -  Active  Combustion  Control 

for  Future  Aircraft  Engines 


12:00  p.m.  Lunch  will  be  served  next  to  the  auditorium 

Session  V:  Panel  Discussion  and  Laboratories  Tour 

1:00  p.m.  Open  Forupi  -  Future  Trends  in  Gas  Turbines  Systems,  Session  Moderator:  Dr.  Geoff  Sturgess, 
Vice  President,  Engineering,  Innovative  Scientific  Solutions,  Inc. 

Dr.  Edward  J.  Mularz,  Chief,  Engine  Components  Div.,  US  Army  Research  Laboratory  -  Research 
Needs  for  Future  Gas  Turbines  -  »  US.  Army  Perspective 


3:00  p.m.  Coffee  Brea|c 


3:30-5:00  p.m.  Visits  to  Ga.  Tech’s  Compressor,  Combustion,  Fluid  Mechanics  and  MEMS  Laboratories 
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Phased  technology  demonstrations  and  full  scale  development  leading  to 
fielding 

Cost  for  R&D,  Tech  Demos,  and  Qualification:  $200M+ 

Timeframe:  20-25  Years 
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Phased  Approach  Enhances  Transition 
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Evolution  of  Jet  Engine  Technology 

50  Years  of  Progress 
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Key  Market  Drivers  for  Aircraft  Propulsion 


Affordability  and  performance  must  be  balanced 


Customer  Demands  for 
Future  Propulsion  Systems 
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•  increased  robustness 


Customer  Needs  Related  to 
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Core  Technology  Development 
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Lightweight,  High  Temperature  Blade  Material  High  Strength-to-Weight  Properties 


Component  Technologies 
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GEAE  Remote  Services  Delivery  Process 


Parts  Distribution  Facilities 


GE  Aircraft  Engines 


Aviation  Week  &  Space  Technology 

Enhances  Fighter  Aircraft  Agility  and  Combat  Effectiveness 
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Requirements  need  to  be  absolutely  firm  before 
deploying  significant  levels  of  resources 
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GE  Aircraft  Engines 
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/  IMPACT  OF  MODELING  AND  DIAGNOSTK 
TECHNOLOGIES  ON  THE  OPERATING  CO 
OF  AIRCRAFT  GAS  TURBINE  ENGINES 


Vice  President  Engineering 
15  June  1998 


COST  ELEMENTS  FOR  AIR  TRANSPORTATION 

Gas  Turbine  Engines  influence  ~  40%  of  Total  Cost 


IMPROVED  (PHYSICS  BASED)  MODELS  FOR 
ENHANCED  PERFORMANCE _ 

Bowed  Compressor  Stators  Reduce  Losses  _ 


I 


In^ct.ppC  3  gjc 


IMPACT  OF  (PHYSICS  BASED)  MODELiNG 

Improved  Compressor  Performance  (Reduced  Fuel  Burn) 


STALL  MARGIN 


IMPROVED  AEROELASTIC  ANALYSIS  TOOLS 

FLARES  Model  Used  to  Eliminate  Fan  Blade  Structural 

Concern  Separation 

Separation  Eiiminated 


In^ctppt  5  gjc 


IMPROVED  (PHYSICS  BASED)  MODELS  FOR 
ENHANCED  CAPABILITY _ 

Unsteady  Flow  Simulation  Captures  More  Realistic 


Impactppt6  gjc 


IMPROVED  (PHYSICS  BASED)  MODELS  FOR 
ENHANCED  PERFORMANCE _ 

Advanced  Turbine  Aerodynamics  improves  Performance 


2nd  T  urbine  Vane 


TURBINE  TEMPERATURE  CHALLENGE 

Higher  Turbine  Temperatures  Required  to  increase 
Efficiency  and  Decrease  Weight  (range,  performance) 


1970  1980  1990  2000  2010 

Certification  Year 


TURBINE  BLADE  MATERIALS  EVOLUTION 

Improved  Materials  Addresses  Part  of  the  Challenge 


Impactppl  9  gjc 


THERMAL  BARRIER  COATING _ 

Provides  Up  to  300°F  Meta!  Temperature  Reduction 


Impactppt  10  gjc 


TURBINE  COOLING  TECHNOLOGY _ 

Operating  Over  800°F  Above  the  Material  Melting  Point 


Cooling  effectiveness 


F119  MAINTENANCE  FEATURES  REDUCED 
SUPPORT  COST _ 


JSF  DIAGNOSTICS  /  PROGNOSTICS 


Dual  Full  Authority  Self-Tuning  Component  health 

Digital  Engine  On-board  Real-time  and  part  life  tracking 
Controls  (FADEC)  Model  (STORM) 


1 


Improved  Modeling,  Technology  and  Diagnostics  =  Reduced 
Cost  of  Ownership  and  Improved  Customer  Value. 


Edited  Version  for  Publication 


Technology  Challenges  for  21st  Century 
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Customer  demands  continual  advancement  in  technology  of  our 
products  at  lower  cost  _ _ _ 
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- -  A  EROSPACE 

Government  and  Industry  Integrated 
High  Performance  Turbine  Engine 


^IliedSignal 

AEROSPACE 

Cycle,  Pressure  Ratio,  and  Temperature 
Technology  for  Fuel  Burn 
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Combination  of  higher  PR,  T4.1,  and  ^  required  to  achieve  SFC  goals 


drives  specific  power  and  core  specific  thrust 


Note:  Cross  Sections  Are  Not  to  Scale 
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AS3000  Engines  Provide  Superior  Mission 
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Radius,  km _ 155 _ 245 

Current  UH60-L  4k,  95  capability  TOGWT  lb  25,000  25,000 

•  19,500  lb  HOGE  at  IRP  - = - - - 

•  Payload  -4700  lb  external  with  Payload 

mission  radius  of  225  km  Capability,  lb  8,900  9,100 


-  AEROSPACE 

AS3000  Engines  Provide  100%  Increase  in 
SH-60  Time-On-Station 
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Time-On-  187  min  395  min 

Station  +110% 
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UCAY  Major  new  market  opportunities 
(2005+) 

Near  term  opportunity  for  F124/F125  in  US 
miiitary  (1999+) 
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Performance  and  Life  Impact  on  Cost 

•  TSFC  reduction  drives  propulsion  system  cost  -  must  be  assessed  with  respect  to  mission  benefit 
and  overall  aircraft  cost 


IHPTET  Technologies 

in  T800 


Turboshaft  Engin 
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-  Seahawk 
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AS3000  designed  to  provide  Longbow  Apache  with 

300  km  Radius  of  Action 


Integrated  High  Performance 
Turbine  Engine  Technology 
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WARFIGHTER  PRIORITIES 

FOR  AAN 

UH60(X)  Performance  Comparison 
New  Core  versus  Growth  Engine 


AS3000  required  to  meet  AAN  mission 


RESONANCE  STRESS,  FLUTTER  &  STABILITY 
CHALLENGES  IN  AIRCRAFT  GAS  TURBINE  ENGINES 


<D 


a 


<D 

c/3 


(D 

U 

Plh 


Needs  &  Technologies  for  Future  Gas  Turbines  June  15-16,  1998 
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SUMMARY  &  FUTURE  DIRECTION 


AEROENGINE  TURBOMACHINERY  ISSUES 
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Flutter 


JET  ENGINE  FAILURE  MODES 


FOD/DOD,  etc. 


HIGH  CYCLE  FATIGUE 
-  Primary  Technical  Factors 


FLUTTER  AND  FORCED  RESPONSE 
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-  Do  flow  ond  structural  dynamic  codes  give  accurate  answers? 

-  How  to  generate  data  for  exploration  and  code  validation? 

-  How  to  develop  first  principles,  accurate  prediction  technology? 
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Background  (cont.) 


M.in,  Of  HCF  problems  HCT  fWWtmS  K  «  ftlWttlgn  rf  WmBWtBt 


Transonic  ‘Stall’  Flutter  is  the  Main  Flutter  Threat 
for  Low  Aspect  Ratio  Shroudless  Fans 
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Flow 


Engine  Surge 


APPROACH 
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DEVELOP  EXPERIMENTAL  TECHNIQUES  TO 
ALLOW  APPROPRIATE  DATA  ACQUISITION  IN  A 
REALISTIC  ENVIRONMENT 


APPROACH  _ 

DEVELOP  PHYSICS  BASED  PREDICTION  SYSTEMS 


tf> 

0) 


E 


k. 

o 

o> 


o 

p  ? 


(/)  m  ^ 
8  O  ^ 

I" 

M  & 

^  s 
II 

•p  ii 

8  & 

$)  £ 


^  M 
0)  0) 
P  P> 

O  S 

s  s 

8  *3 

c  S 

g  ^ 

3  P 
I-  a 

s.§ 

m  CB 
CO  ^ 

^  o 

•  js 

o  ^ 
^  *2 

*v  I 
^  s 


Pressure  Correction  Equation 

^  <B  +  4  (C  4|'l 


CODE  VALIDATION  —  STEADY 


CODE  DESCRIPTION  (NiSTAR  CODE) 
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5-HOLE  SENSOR  CALIBRATED  WITH  RESPECT  TO  FLOW  ANGLE 
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Transducer  pressures  are  corrected  for  attenuation  in  6"  sense  tube 


AIR  JET  TURBULENCE  CALIBRATION  CONFIRMS  ITP  METHOD 


NSMS-  provides  data  on  all  blades 


i 


NSMS-  provides  data  on  all  blades 


} 


NSMS- 

Typical  Flutter  Response  On  a  Compressor  Stage 


(b)  Blade-to-blade  Amplitude  yuriation  to  Response 


SCHEMATIC  OF  FORCED  RESPONSE  PREDICTION  METHOD 

-HILBERT  (1997) 


UNSTEADY  PRESSURE  ON  THE  ROTOR 


S30500P-88 


STEADY  ,  UNSTEADY 


NASTAR  CODE  REDESIGNED  ROTOR  5 


RESONANCE  STRESS  ANALYSIS  IDENTIFIES  HIGH  RESPONDING  MODE  FOR 
BASELINE  AND  PREDICTS  IMPROVEMENT  FOR  REDESIGN 


ROTOR  MAXIMUM  RESPONSE  TO  IGV  EXCITATION  OVER 

ONE  VIBRATORY  CYCLE 


S30500P-86 
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FLUTTER  AND  SURGE/STALL 
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PLimER  AND  SURGE  ^ 
Common  Operational  Considerations  ’ 
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«  These  are  difficult  and  very  expensive  problems  to  fix 
*  Large  maintenance  loads  result 


FtUHER  AND  SURGE 
-  Common  Engineering  Behavior  - 
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*  These  instabilifles  are  arnenable  to  active  control 


FLUTTER  AND  SURGE  -  CONTRASTS 
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Pilot  awareness 

-  Surge  -  apparent  when  It  occurs 

-  Flutter  -  unapparent  until  inspection  or  failure 


Flutter  Analysis 

Empirical  method  are  no  longer  adequate  -  Robust  CFD 
approaches  needed  for  Stall  Flutter  predictions 
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ONE  HISTORICAL  VIEW  OF  COMPRESSOR  INSTABILITIES 
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Active  ConIroK?) 


Compressor  Oscillatory  Modes 


DESIGN/OFF-DESIGN  FLOW  PREDICTION  SYSTEM 


Conventional  Bowed 

NASA  LeRC  provided  rigorous  framework  for  modeling 
Networking  of  workstations  provided  enabling  technology 


PROGRESS  —  DESIGN/QFF-DESIGN  PREDICTION 
PW409X  HPC  DEVELOPED  BY  UTILIZING  THE  CFD  CODE 
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STABILITY  PREDICTION  SYSTEM 

FLOW  PHYSICS  GOVERNED  BY  HYDRODYNAMIC 


ability  governed  by  tiow  Rotating  disturbance 

separation  on  airfoils 

Stability  governed  by  unsteady  flow 
of  the  order  of  compressor  lengths 

Moore  (Cornell),  Greitzer  (MIT)  provided  rigorous  framework 
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System  used  to  assist  In  enhancing  HPC  stability  through  vane  schedules 
bleed  flow  and  axial  work  distribution  management 


PROGRESS  —  STABILITY  PREDICTION/CONTROL 


MIT  paper  (6/94)  also  shows  “precursors"  in  11  compressors 


PROGRESS  ^  STABILITY  CONTROL  _ _ 

ACTIVE  STABILITY  CONTROL  CONCEPT  DEMONSTRATED 
IN  A  3-STAGE  RIG 
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Dynamics  and  Control  of  Compression  Systems 
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Partnership  fbr  Resetirch  Excellence  &;Ti-<imition 


R.  M.  Murray,  CaltechAJTRC 

Performance  Limitations  in  Aircraft  Engines 

Inlet  separation  Compressor  stall,  Combustion  Jet  noise, 

\  surge,  flutter,  HCF  instabilities  IR  signature 


Control  Design  Philosophy  for  Stall/Surge/Flutter 
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Hierarchy  of  Test  Rigs  System  ID  Systematic  Design 


R,  M.  Murray,  CaltechAJTRC 


Approx.  0.5E  Frequency  Approx.  0.3E  Frequency 


mpact  of  Stall  and  Surge  on  Engine  Performance 


Hysteresis  loop  forces  operation  away  •  Requires  system  redesign,  not  retrofit 

from  peak  pressure  rise  •  Complexity,  weight,  reliability  are 

important  (mostly  unaddressed)  issues 


R.  M.  Murray,  Caltech/UTRC 
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R.  M.  Murray,  CaltechAJTRC 

Active  Control  Concepts:  Stabilization  +  Bifurcation  Control 
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2D  actuation  (IGV,  BV,  or  AI)  gives  stability  extension,  but  more  complex  (?) 


R.  M.  Murray,  CaltechAJTRC 

mplementation  on  Caltech  Compressor  Rig 


Yeung  &  MuiKQr,  JPC  97 
GaTech-June  1998 


0.25  0.3  0.35  .  0.4  0.45 


R.  M.  Murray,  CaltechAJTRC 

Bifurcation  Control  w/  Magnitude  and  Rate  Limits 

eal  control  Effect  of  magnitude  limit  Effect  of  magn  +  rate  limit 


Noise  destabilizes  system  Control  action;  increase  domain 

gatech.jun98.ppt  of  attraction 

ang  &  Murray,  CDC  97 


R.  M.  Murray,  Caltech/UTRC 

Analysis  of  Effects  of  Magnitude  and  Rate  Saturations 
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Wang  &  Murray,  CDC  97 


Experimental  Results  Using  Modified  'F 


gatech-jun98,ppt 
Yeimg  &  Murray,  JPC  97 


Control  of  Rotating  Stall  Using  Air  Injection 
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Caltech  Low  Speed,  Axial  Flow  Compressor  Experiment 


sensor  ring  (end  view)  _| _ 
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gatech-jun98.ppt  \ 

sensor  nng  (side  view) 


R.  M.  Murray,  CaltechAJTRC 


Leave  injector  on  for  fixed  time 


Actuator  Authority  Tradeoff 
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Current  analysis  relies  on  MG3  +  center  mfds  may  be  very  local 
Working  on  extension  to  higher  order  systems,  simultaneous  rate  constraints 
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Improved  operability  (wider  scffe  operating  range) 
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Gas  Tiirhine  ComhustoT 
CURRENT  DESIGN  PARADIGM 
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Revolutionaty  Combustor  Front-End  Design  Concept 

DEVELOPMENT 


o 

u 

< 


o 

e 

43 

V 


cs 

o 

CQ 


CQ 

"o 

s 

43 

o  ^ 
00 
0\ 

=  1 


•s 

CO 

^  s 
.a  5 

O 

VO 

o\ 

S 

B  s 

X*  aj 

®  c 

w  .5 

s 

V 

C4 

»  UD 

N« 

^B 

P  B 

ns 

o 

*s 

CO 

2  « 
«  B 

o 

pQ 

■ 

3  •PB 

H 

<t3 

U 

S 

PQ 


o 

& 


C/l 


s 

■M 

W 

CQ 

o 


z 

o 

tZ) 

O 

H 

Ph 

u 

iz: 

o 

u 


o 

s 

p& 

B 

o 

o 

fo 

o 

fs 

Pk 

««-l 

o 

>> 

'O 

s 


CO 

.Si,  « 
P  ‘C 

o  ^ 

^  s 
S  ® 

5  8 

jS  rs 

.tS  *33 

B  2 
O  2 
*-S  o 

wo*? 

.s 

2  a> 

6  fi 
-S 

II 

s  I 

‘S  s 

tj2 

Q  - 


o 

s 

ja 

s 

®  b 

U  p 


4) 

t: 

o 

> 


-M  K  ifl  iJ 
CO  «  3  H 

r  'k  r  ^  B  W 


U 

4> 

35 


U 

o 


B 
B 
B 

^  2 

(Z) 

;z;  Pk 


CO 

B 

.O 

s 

o 

ns  ^ 

&  HH 

Gu  o 

2  § 

H 

H 
Pk 


Pk 

PP 

Pk 


NASA  Georgia  Institute  of  Technology  Daniel  E.  Sokolowski 

Lewis  Research  Center  Workshop  on  the  “Needs  and  Technologies  for  Future  Gas  Turbines” 

Aeronautics  Directorate  REVOLUTIONARY  COMBUSTOR  FRONT-END  DESIGN  CONCEPT  June  15, 1998 


Revolutionary  Combustor  Front-End  Design  Concept 


O 

O 

O 

O 

u 


><  flS  g 

W  00  hS 


'<Nrnvovo'^'^«r>mt^oo 

ooooooooooooo^o^a\<^o^o^ 

>  1^  I  1  I  I  I  I  I  I  I 

otNCN-^voi— 'cnvovot^i— 

iOOO>— iOOOO»— 'O 


c 

a> 

U 

1 

v 

CO 

.£2 
CO  •> 

;z:  J 


Center  for  Control  of  Energetic  Processes  Georgia  Tech 


Active  Control  of  Combustion  Instabilities 


Ben  T.  Zinn 

Schools  of  Aerospace  and  Mechanical  Engineering 
Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332-0150 


Workshop  on 

Goals  and  Technologies  for  Tomorrow’s  Gas  Turbines 

Atlanta,  Georgia 
June  15-16, 1998 


Acknowledgement 

Support  of  AFOSR,  ARO  and  DOE  and  the  assistance 
of  numerous  colleagues  and  students 


Army  MITE  Program 


Combustion  Instabilities 


•  Periodic  oscillations  of  the  combustor’s  pressure, 
velocity,  temperature,  and  reaction  rate 

•  Generally  involves  excitation  of  one  or  more 
acoustic  modes  of  the  combustor 


•  Detrimental  Effects: 

-  Excessive  mechanical  loads 

-  Vibrations 

-  Excessive  heat  transfer  to  walls  or  propellants 

•  Passive  Solution  Approaches 

-  Trial  and  Error 

-  Expensive 

-  Lengthy,  generally  causing  program  delays 

-  Not  always  effective 

A  REASONABLY  PRICED,  DEPENDABLE 
APPROACH  FOR  CONTROLLING 
COMBUSTION  INSTABILITIES  IS  NEEDED! 

ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 


Driving  of  Combustion  Instabilities 


Fuel' 


Oxidizer- 


Pressure 

Measurement 


Optical  Window 

1  Acoustic  Energy  Radiation 
I  out  of  system  (nozzle  damping) 


Unstable  Combustor 


Radiation 
Measurement 


VQ'(t)  ^P'(t) 

Controlled  Q'(t) 

IT 

G  =  Combustion  Process  Driving  =  —  J  /p'  (t)Q'  (t)dVdt; 

T  oVp 


G  >  0  when  |0l  <  90° 

1 T 

D  =  Combustor  Damping  =  —  J  Jp'  (t)u’  (t)dSdt 

T  oSn 

+  viscous  dissipation+... 


Combustor  is  unstable  when  G  >  D  and  vice  versa 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 


Ga.  Tech's  Active  Control  System's  Objectives 

and  Challenges 

Objective:  Develop  an  active  control  system 
(ACS)  that  can  prevent  the  onset  and/or  damp 


rocket  motor  instabilities. 

Characteristics  of  rocket 
needs: 

Problem 

1.  large  amplitude  = 

2.  multi-mode 
excitation 

3.  detrimental 

4.  time  varying 

5.  high  frequency 


instabilities  and  ACS 

Needs 

large  actuation 

multi-mode  controller 

rapid  damping 

"adaptive"  &  fast 
responding  controller 

actuation  over  a  wide 
frequency  range 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 


(^eoi^^ecA 


Basic  Considerations 

•  The  behavior  of  the  system  is  described  by  oscillating 
modes  with  time  varying  frequencies,  amplitudes  and 
phases 

•  Generally,  the  characteristics  of  the  unstable  modes  are  not 
known  a  priori 


Control  Approach 

•  Real  time  identification  of  unstable  modes  in  the  frequency 
doinab 

•  Amplify  each  mode  separately 

•  Phase  shift  each  mode  separately  so  that  the  heat  release 
produced  by  a  secondary,  oscillatory,  fuel  injection  rate  is 
180  degrees  out  of  phase  with  the  mode's  pressure 
oscillations  (Rayleigh's  criterion) 

•  Use  the  amplified  and  phase  shifted  modes  to  construct  a 
control  signal  for  the  secondary  fuel  injector 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 


GEORGIA  TECH’S  OBSERVER 


CONTROL  OF  COMBUSTION  INSTABILITIES 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 
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ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 


water  cooled  nozzle 


Volt 


mhw'hikf^ 

0  500  1000 


frequency(Hz) 


Time  dependence  and  spectra  of  the  combustor  pressure  arid  combustion 
region  CH  radicals  radiation  measured  in  an  open  loop  experiment 


phase (deg) 


frequency(Hz) 


Comparisons  of  the  frequency  dependence  of  the  heat  release  gain  and 
phase  obtained  in  two  different  open  loop  tests  at  Georgia  Tech 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILTriES 


combustor  pressure(psi) 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILmES 


^co>i^icincc^ 


time(sec) 


Time  dependence  of  the  combustor  pressure,  control  signal  and  observed 
frequency  before  and  after  initiation  of  closed  loop  active  control  in  the 
Georgia  Tech  gas  rocket 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 


Displacement  Sensor 


SUMMARY  AND  TECHNOLOGY  STATUS 

Feasibility  of  active  control  of  combustion 
instabilities  has  been  successfully  demonstrated  on 
small  and  large  scale  combustors 

Fuel  modulation  appears  to  be  the  control  approach 
of  choice 

Future  applications  of  this  active  control  technology 
to  a  wide  range  of  combustors  will  require: 

•  optimization  of  the  control  system  (e.g.,  reduction  of 
the  amount  of  secondary  fuel  required) 

•  development  of  “fast”  adaptive  control  systems 

•  development  of  large  scale  fuel  Injector  actuators  that 
operate  over  a  wide  frequency  range 

•  demonstration  that  the  actuator(s)  and  sensors  can 
operate  continuously  and  without  failure  over  periods 
years 


ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITIES 
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ACTIVE  CONTROL  OF 
FUEL-AIR  MIXING 
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PROCESSES  is  critical  for 
proper  application  of  active 
control. 
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□FUEL  ATOMIZATION 

□FUEL  DROPLET  DISPERSION 

□PERIODIC  VORTEX-DROPLET  INTERACTION 


Planar  Mie-scattering  Images  of 
Pulsed  Fuel  Injection  Into  Air  Vortex 


UNCLASSIFIED 


Acoustic  Driver  (4) 


Effect  of  Vortex  Strength  on 
Combustion  Efficiency 


CO  Reduction  in  Exhaust  .vs. 
Relative  Phase  of  Forcing 


PHASE  (DEGREES) 


Effect  of  Active  Control  for  a 
Scaled-Up  Combustor  (400  kW) 


Effect  of  Forcing  Frequency 
(400  kW  Combustor) 


200  250  300  350  400  450 

Frequency  (Hz) 


Effect  of  Forcing  Amplitude 
(400  kW  Combustor) 


Forcing  Level  (Volts) 


UNCLASSIFIED 


EFFECT  OF  SCALE-UP  and 
Relative  Amount  of  Pulsed  Fuel 


FUEL  DROPLET  SIZE 
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•  The  time  scales  associated  with  heat 
release  are  effectively  shortened  by 
decreasing  droplet  size 

•  XL  ss  Xneating  +  "^Evapo  ^0^ 
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Dependence  of  Droplet  Size  on 
Duty  Cycle  and  Frequency 


Duty  Cycle  =  50% 

80  ^  Too 

»c|uency  (Hz) 
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•  CRITICAL  ROLE  OF  PULSED  FUEL  FLUX  AND  DROPLET  SIZE 
IDENTIFIED  FOR  LIQUID  FUEL  COMBUSTOR 


Stephen  J.  Przybylko  Turbine  Engine  Division 
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V/hat  does  Active  Control  mean  anyway?! 


what  ac.cdi 


Addresses  decades-old  problem  (Surge 
detectlon/eliminatlon). 

Microcosm  of  all  that  Is  good  &  difficult  regarding 
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-  Elimination  of  stage(s). 

Possible  diagnostic  aid. 
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Ideal  combustor  exit  profile:  Absolutely  smooth 
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Diode-laser  sensors  for  active  control  of  gas  turbines 
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Future  applications 


Diode-laser  sensor  developments  at  Stanford 
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1.34, 1.39  |j.m  •  Combustion  control  (1996) 

2.0  nm  •  In  situ  COj  measurements  (1998) 

2.3, 2.7  |im  •  Sensitive  CO,  NO,  HjO  measurements  (1999  ?) 


Our  vision:  Multiplexed  diode-laser  sensors 

for  gas  turbine  sensing  and  control 
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Real-time  measurements  of  T,  combustion  products,  mass  flux,  and  thrust 

Fiber-optic  system  is  compact,  flexible,  and  rugged 

Fast  extractive  sampling  technique  aliows  sensitive  emissions  monitoring 
Multiplexing  ailows  simuitaneous  multi-species  monitoring  at  multiple  locations 


Theory  of  absorption  measurements 


T  and  ky  yield  X 


Wavelength  Demultiplexing  Strategy 
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H2O  is  a  ma|or  product  species 

Diode  lasers  commercially  available:  0.6  -  2.0  pm 

Transitions  near  1 .34  pm,  1 .39  pm  selected  for  temperature  sensitivity 


Calculated  H2O  absorption  spectrum  (at  2000 
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Spectrum  more  complex  at  high  temperatures 
Transitions  selected  to  maximize  temperature  sensitivity 


TDL  concepts  evaluated  in  a  forced- vortex  combustor 

Control  Room  Combustor 
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T,  Xh2o  determined  from  laser  transmission  signals  (near  1.34  ^.m,  1.39  |xm) 
Magnitude  of  oscillations  at  forcing  frequency,  calculated  from  T(t) 

Control  system  varies  phase  between  fuel,  air  drivers  to  maximize 


Forced  Vortex  Concept  for  Enhanced  Mixing 


Fuel  injection  at  proper  phase  yields  improved  fuel-air  mixing 
Subsequent  heat  release  is  periodic  and  results  in  T  oscillations 


In-phase  modulation  improves  fuel-air  mixing  and 
leads  to  reduction  in  CO,  NO^,  UHC  emissions 


Sensor  system  applied  to  small-  and  large-scale  facilities 


5-kW  Forced  Combustor  50-kW  Forced  Combustor 

HTGL,  Stanford  University  NAWC,  China  Lake,  CA 


Single-sweep  data  traces: 

Laser  transmission  through  post-flame  gases 
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Time-resolved  T  measurements  in  SU  combustor 


Fast  measurements  (10  kHz)  enables  real-time  control  strategies 
Fourier  analysis  of  T(t)  yields  Tn„s(^o)’  ^  measure  of  combustor  performance 


Measured  correlation  between  and  CO 
(50-kW  combustor  at  China  Lake) 
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CO  [ppm,  dry] 


CO  concentration  near  minimum  when  Tm,.  near  maximum 


Closed-loop  control  procedure 
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New  control  decision  (A,ug|,  0)  every  300 


3  control  strategies  applied  to  SU  combustor 


.  Ae,  At  steps  determine  convergence  speed,  amplitude  of  limit  cycle 


Closed-Loop  Control:  Strategy  1 


Hill-Climbing  strategy  maximizes  by  adjusting  Ofuei 
convergence  time  - 10  seconds 


Strategy  2:  LMS  algorithm  varies  Af„g,  and  0 
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Closed-Loop  Control:  Strategy  2 


Time  [ms] 

Performance  optimized  within  120  ms  (lOOx  improvement  over  Strategy  1) 
Corresponds  to  oniy  7  fiowfieid  residence  times  14  ms) 

T  adapt  determined  via  open-ioop  experiments 
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Response  time  for  closed-loop  control « 1  second 


Demonstration  of  closed-loop  control  at  China  Lake 

.  Hiil-climbing  algorithm  applied  to  maximize 
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Maximum  yields  optimum  performance  (minimum  CO,  UHC,  CgHg  output) 
Future  work  wiii  utiiize  improved  strategies  for  faster  response 


In  situ  CO2  measurements  enabled  by  2.0-|xm  lasers 


Firsi  access  to  2.0-^tn  external  cav!^/  diode  laser 

Stronyer  line  strengths  promise  increased  measurement  sensitivity 

Measurements  reveal  errors  in  HITEMP/HITRAN96  spectroscopic  database 


High-temp  experiment  to  validate  HITEMP  database 
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Temperature  range  in  cell:  296  -1500  K 

Purge  tubes  reduce  absorption  due  to  cooler  room  air 


'omparison  of  measured  and  calculated 
high-temperature  CO^  survey  spectra 


□  4920  49S0  5000  5040 

Frequency  [cm*^] 

Large  variations  between  measurements  and  HiTEMP  for  v  >  5020  cm*^ 
Transitions  in  Regions  I,  n  seiected  for  determination  of  T,  COj,  HjO 
Region  n  (HjO  lines  only);  Region  I  (HjO  and  COj  lines) 


High-resolution  absorption  measurements  in 
premixed  C2H4-air  flame:  Region  II  (5020  cm'^) 
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Relative  Frequency  [cm’^] 

Measured  2-line  ratio  enables  determination  of  T,  H2O  (independent  of  COj) 


High-resolution  absorption  measurements  in 
premixed  C2H4-air  flame:  Region  I 


Relative  Frequency  [cm  ] 

Measurement  of  blended  CO2/H2O  feature  yields  CO 
CO2  detection  limit:  200  ppm-m  (at  1500  K) 


Measured  CO2  and  H2O  mole  fractions 
in  premixed  C2H4-air  flame 


HgO  Mole  Fraction  [%] 
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o,  Equivalence  Ratio 

Good  agreement  between  measured  and  calculated  mole  fractions 
(Xh2o  to  within  3%,  Xcoj  to  within  6%) 


In  situ  temperature  measurements  in 
premixed  C2H4-air  flame 
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Good  agreement  between  laser  and  thermocouple  temperature  measurements 
(variation  <6%) 


Summary 


Ongoing  /  Future  Work 
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Nonlinear  Robust  Controller  Synthesis 
for  Jet  Engine  Compression  Systems 
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Active  Control  Needs  for  Propulsion  Systems 


Conclusions  and  Ongoing  Research 
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Combustion  noise  (back-pressure  disturbances) 


Active  Control  for  Compressor  Instabilities  II 


M.  Haddad,  A.  Leonessa,  and  H.  Li 


Georgia  Tech  Overview  of  Control  Approached 
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Ceorgia  Tech  Overview  of  Control  Approaches 
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Nonlinear  Robust  Control 


M.  Haddad,  A.  Leonessa,  and  H.  Li 


Ueorgia  Tech  Overview  of  Control  Approaches 


(•)  =  Compressor  throttle  opening  constraint 


Georgia  Tech  Robust  Control  of  Propulsion  Systems 


—  ^c(^)  is  the  compressor  performance  when  the  flow  is  circumferen¬ 
tially  uniform  and  steady 


Governing  Fluid  Dynamic  Equations 
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(3  is  the  compliance  coefficient  (rotor  speed,  plenum  size) 


Nonlinear  Uncertain  State  Space  Model 


M.  Haddad,  A.  Leonessa,  and  H*  Li 
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Globally  Stabilizing  Robust  Control 
for  Rotating  Stall  and  Surge  I 
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Robust  Coutroller 
Backstopping  Controller 


Globally  Stabilizing  Robust  Control 
for  Rotating  Stall  and  Surge  I 
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Globally  Stabilizing  Robust  Control 
for  Rotating  Stall  zind  Surge  II 
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Globally  Stabilizing  Robust  Control 
for  Rotating  Stall  and  Surge  II 
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Bifurcation  -  Based  Controllers  I 
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•  Compressor  pressure  versus  time 
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Bifurcation  -  Based  Controllers  II 


M.  Haddad,  A.  Leonessa,  and  H«  Li 


Adaptive  Control  of  Propulsion  Systems 
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^Georgia  Tech  Adaptive  Control  of  Propulsion  Systems 


M.  Haddad,  A.  Leonessa,  and  H.  Li 


Nonlinear  System  Stabilization  for 
Multi-Mode  Compressor  Models 


Haddad,  A.  Leonessa,  and  H.  Li 
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Global  stability 


Feedback  Control  Strategy 


There  exists  {tfe}|^o  V {x{tk+i))  <  V{x{tk)) 


Backstepping  Controller  Design 
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Globally  Stabilizing  EDLF  Controller 
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Robust  GlobsJly  Stabilizing  EDLF  Controller 
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Robust  Globally  Stabilizing  EDLF  Controller 
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Centrifugal  Compressors 
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—  Lyapunov-based  control  design 


Globally  Stabilizing  Controller 


.-a  S 


cd 

a 

u 

4^ 

u 

o 

o 

o 

a 

o 

CN 

Q 

CO 

CC 

0 

a 

u  § 

^  S 

o  ^ 


—  ^ 
V  0) 

a  ’S 

O 


2  s  i 


R  s 


9jnSS9Jj 


Si 

2  ® 


§  B  S 


djnssdja: 


Flow  Time 

Ciosed-ioop  trajectory  .  Open-loop 


Globally  Stabilizing  Controller 


M.  Haddad,  A.  Leonessa,  and  H.  Li 


Controller  implementation 


Active  Combustion  Controi 
Future  Aircraft  Engines 


Branch  Chief 
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Active  stall  Control - .  Fault  Diagnostics  &  Accommodation 

•  High  Bandwidth  Actuation  ,  Sensor  Validation 

&  Control  Logic  .  -rgg^  Diagnostics 

•  Stall  Precursor  Identification 


NASA  (5530, 5830)  Emission  Minimizing  Contro 

objective:  actively  reduce 
NOx  production 

participants:  HSR,  P&W, 

NASA  (5530,  5520) 


Emission  Minimizing  Combustor  Control  Dynamic  Simulation 


estimated  emission  index 


Nozzle  Influence  Characteristic  (dT/dAW,) 


Combustion  Instability  Control 
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Physics-based  Combustion  Model  Control 


O 

O 

c 

u 

eg 

o 


Xi 

o 

•  f-H 

f 

W) 

a 


&  S 

-y  O  ^ 

o£  S 

lls 

^  a  o  ^ 

d  EP  11 
O  c/3  (D 

CL  S 


o 

1 

nil 

^  p  & 

<D  O 

CO 


o 

«  2 
S  Ph 


1  a 

o  ^  'S  ^ 

o  o  ^  W 

.2  §  'O 
ii  P  C3 

S  ;i.  3 

§:<a  s 

cd  »7^ 

<D 

P  X  X 

«i  3  §  3 

S  S  3  •“ 

O  ^  03 

^  ^  ^  ^ 

P  d  ^  a 

g  43  §  O 

111  I 


CA 

C4 

o 

Pm 


o 

c, 

o 

03 

cd 

P 

Vh 

+-», 

§1 

X 


¥  g 

Q, 

ts  ^ 

(D 

O  ^ 

a 

•5  ' 


O 

(L> 

03 

73 

«\ 

n 

o 

•rH 

o 

tp5  ^ 
*co 

§  -1“ 

3  § 

i-H  cd 


<D 


p 

O 


03  ^ 

>%  o 

03  cd 

s  s 

■§  ■§ 

.i-H 

-a 

cd  P 
(D  cd 

O 

t+H  o 
'O  -g 

(D  P 
4D  O 
-*-»  o 

<D  nd 

4-* 

Pm  c« 
c/3 


Q 

I 

P 

PM 


C 
o 

•1-H 

Cd 

u  'i 

1  ^ 

^  o 

p  o 
o 


s 

•  piN 

Pm 


experimentally  demonstrate  closed-loop  ACC 


(/) 

a 

o 

to 

s 

C 

<D 

E 

Q. 

O 

0) 

> 

0) 

Q 

o 

‘iS 

(0 

CD 


Experimental  Combustor  Apparatus 
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Develop  a  detailed  program  plan  for  Phase  II  to  research,  develop  and 
demonstrate  active  control  solutions  for  combustion  instabililities 
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Neural  Network-based  Control 
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Combustion  Instability  Modeling 
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Non-premixed  capability. 

'Model  unsteady  effects  of  flameholder  &  injector.  Participants: 

D.  Paxson,  LeRC 
D.  Quinn,  U.  of  Akron 


Dr.  Geoffrey  J.  Sturgess 
Innovative  Scientific  Soiutions,  Inc. 
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Concentrating  on  combustion  aspects 
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Descent  from  altitude  frequently  necessary 
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VERY  HIGH  ALTITUDE  OPERATION 
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Overall  Equivalence  Ratio 


GEORGIA  TECH  WORKSHOP 


CO 

CD 

5 


■o 

o 

■o 

0) 

o 

c 


(/) 

o 

3 

</} 

(0 


O)  cn 

£  o 

O)  ^ 
«S  .T3 

I  C  (u 

iS  12 

3  O  N 
S  O  CO 


c 

o 

o 


JD 

(0 

■  Ml 

1) 

ct: 


0) 

> 

■  iM 

o 

©  XI 
3  > 
v>  o 
(0  £ 


^  £ 
o 

o  O 


(A 

■o 

I  2 

(Q  c 
Z  o 

<0  tf)  ^ 

O  5? 

•-  O  O 
X  <D 

O'  o  £ 


—  0) 
O  tf) 

Im 

tS  O 

S  c; 

o  ^ 

O  •<r* 

-  2 

>»  o 

.’K  O 

r—  - 

jQ  W 

s> 

■—  mi 

CD  0) 

a:  .<f! 


c 

o 


(0 


o 


tm 

**  '  C^"  nw* 

o  o 
W  XJ 
C  Q 

_  O  " 

Q,  ro 

3  f  'S 

S  £  Q 


(0 

i 


(0 

in 

in 

CD 

o 

0) 

c 


(/) 

E 

0) 

x: 

o 


CO 

UJ 

X 

§ 

Q. 

0- 

< 


c 

o 

■  MM 

o 

0) 


o 

3 


o 

Q. 

I 


in  —  *« 

CD 


o 

■  ■M 


> 

CO 


o 
in 

« 

(0  (0 
■C  c 
0  o 

I1 

E  0 

0  o 

Z  U 


(0  c 
3  .2 

—  HM 
0  0 
C  3 


in 

2.2-g 
"  E 
o 
u 


0 

IS 

E 

5 

0 

C 


-2 

o 

t- 


o 

o 


c 
0 

> 
c 
o 

O  ’4=  C 

c  o  o  ^ 

3  <  O  CO 


2  2  t: 

ti  ’’5 


0 

O 


tn 

£ 

0 


C 

E  jc 

0  o 

JSl  0 
«  £ 
“O  c: 

0  E 
£  -2 
3 

Og 

QC  £ 


CO 

LU 

D 

CO 

CO 


G) 

c 

■  i^ 

X 

■  ■■■ 

E 

k. 

*0 

0 

3 

X 

0 

> 

o 

b. 

a 

£ 


i 

H- 

O 

c 

o 

■  ■M 

'+J 

0 

c 

£ 

*■=  O) 

2-s 

0  O 

0  o 

Z  O 


0 

o 

Ui 

in 

0 


n 

0 

4-* 

0 

C 

O 

£ 

0 

C 

>» 

o 


c 

3 

.3 

vX 

3 

V'' 

<«» 

3 

O 

x: 


0 

C 

o 

0 

0 


C 

E  c 

^  0  ®  .2 
o)  .2  ‘C  IS 

c  O  •= 

’5)  g  ”g  o 

2  0  ^  0 
O  Ol^  O 


GEORGIA  TECH  WORKSHOP 


6>|/6  ‘(^ON  SB)  ‘XQN  P  X0pu|  U01SS1UJ3 


Better  presentation  of  liquid  fuel  to  air 
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CONVENTIONAL  HIGH  FREQUENCY 

PI  nw  mwTRnL  FLOW  CONTROL 


SYNTHETIC  JETS 

By  means  of  active  control,  a  jet  of  fluid  entering  the 
combustorcan  have  its: 

-  initial  angle  of  trajectory 
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Demonstration,  but  not  understanding 
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could  disappear  as  the  engine  operating  envelope 
expands.  Be  prepared  to  “step  out  of  the  box!” 
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